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α-RuCl3 is drawing much attention as a promis-
ing candidate Kitaev quantum spin liquid [1–8].
However, despite intensive research efforts, con-
troversy remains about the form of the basic in-
teractions governing the physics of this material.
Even the sign of the Kitaev interaction (the bond-
dependent anisotropic interaction responsible for
Kitaev physics) is still under debate, with con-
flicting results from theoretical and experimental
studies [5, 6, 9–15]. The significance of the sym-
metric off-diagonal exchange interaction (referred
to as the Γ term) is another contentious question
[16–18]. Here, we present resonant elastic x-ray
scattering data that provides unambiguous exper-
imental constraints to the two leading terms in
the magnetic interaction Hamiltonian. We show
that the Kitaev interaction (K) is ferromagnetic,
and that the Γ term is antiferromagnetic and com-
parable in size to the Kitaev interaction. Our
findings also provide a natural explanation for the
large anisotropy of the magnetic susceptibility in
α-RuCl3 as arising from the large Γ term. We
therefore provide a crucial foundation for under-
standing the interactions underpinning the exotic
magnetic behaviours observed in α-RuCl3.
The magnetic behaviour of the honeycomb material α-
RuCl3 has been the topic of much recent work, following
the discovery in this material of an unusual continuum of
magnetic excitations not well explained by spin-wave the-
ory [3, 5, 6]. The structural environment and electronic
state of the ruthenium atoms in α-RuCl3 are such that
the Kitaev magnetic interaction [19] is expected to be sig-
nificant [1, 20]. For this reason, these remarkable findings
have been attributed to fractionalized excitations analo-
gous to those found in the spin liquid ground state of the
Kitaev model [5, 6]. Recent discovery of quantization of
the thermal Hall signal in the intermediate magnetic field
phase has further stimulated interest in this material [8].
Understanding the salient features of magnetism in α-
RuCl3 requires a good knowledge of the magnetic in-
teractions between the ruthenium magnetic moments.
The magnetic Hamiltonian relevant to this material in-
cludes an isotropic Heisenberg (J) term as well as bond-
dependent anisotropic Kitaev (K), and off-diagonal Γ
terms [16]. The general Hamiltonian for atoms at ad-
jacent sites i and j takes the following form, where α, β,
and γ denote the spin components:
H(γ)ij = JSi · Sj +KSγi Sγj + Γ(Sαi Sβj + Sβi Sαj ). (1)
Often included in this Hamiltonian are further-neighbour
isotropic interactions (J2, J3, etc.) and additional off-
diagonal term Γ′ due to non-zero trigonal crystal fields
[16, 17, 21]. Early ab initio calculations [9] and fits
to inelastic neutron scattering measurements [5, 6] sug-
gested an antiferromagnetic Kitaev interaction (K > 0).
However, later calculations using the updated monoclinic
crystal structure [4] instead suggested that the Kitaev
term is ferromagnetic (K < 0) [10–15].
Although these scenarios can be distinguished by the
direction of the ordered magnetic moment [22], to date,
this information has not been experimentally available.
The magnetic structural solution from neutron diffrac-
tion data [23] suggested two possible structures, with
collinear moments confined to the monoclinic ac plane
(See Fig. 1a ). These two magnetic structures, differing
only in the canting angle of the moment direction out of
the crystallographic ab (honeycomb) plane (Θ), were fit
equally well by the neutron data. In the case of K > 0,
the moment is expected to point along the local cubic
axis (towards a Cl atom), and therefore Θ = −35◦, while
Θ = +35◦ corresponds to a ferromagnetic K (K < 0).
This ambiguity can be resolved with resonant elastic x-
ray scattering (REXS). The magnetic scattering process
in x-ray diffraction is fundamentally different from that
of neutron diffraction, allowing the moment direction to
be determined by measuring the azimuthal dependence
of a magnetic Bragg peak intensity. This measurement
is done by rotating the sample around the scattering vec-
tor (~q) as shown in Fig. 2a. With the incident linear po-
larization perpendicular to the vertical scattering plane,
the diffracted magnetic intensity for electric dipole tran-
sitions is proportional to the projection of the ordered
moment onto the scattered beam [24] and shows modula-
tion as the sample is rotated about the scattering vector.
By modelling this intensity modulation as a function of
the azimuthal angle, Ψ, one can distinguish between the
two possible structures suggested by the neutron mea-
surement.
We have collected REXS data on a single crystal sam-
ple of α-RuCl3 at the known magnetic Bragg peak po-
sition expected for zigzag magnetic ordering [2, 5]. The
magnetic diffraction signal in this sample was first char-
acterized by measuring its dependence on momentum,
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2FIG. 1. Characterization of magnetic scattering. a. Crystal structure and ordered moment directions of α-RuCl3
proposed in Ref. [23]. b. Temperature dependence of magnetic diffraction intensity at (0,-1,1.43), showing an ordering
temperature of 12K. At each temperature the magnetic peak was measured by simultaneously scanning the sample and detector
angles. Inset: intensity dependence on L reciprocal space direction (perpendicular to the honeycomb plane) showing a broad
peak at the L=1.5 position. At each L value, the magnetic peak was measured by scanning along the momentum space K
direction. The integrated intensities for all scans were found by fitting the scans with a Gaussian peak shape. Error bars
shown are the square root of covariance value from the fit. c. Energy dependence of the magnetic diffraction intensity at
(0,-1,1.43), showing resonance at the Ru L3 resonant energy of 2837.5 eV. Integrated intensities and error bars were calculated
from combined scans of the sample and detector angles, as in b. d. Comparison of the magnetic signals obtained with the
incident photon energy at the Ru L3 edge (2837.5 eV) and the Ru L2 edge (2970 eV). Scans were collected by simultaneously
scanning sample and detector angles. Error bars shown are the square root of the number of photons detected. A constant
background was subtracted, and the overall photon counts normalized to the monitor recording incident beam intensity.
temperature, and incident photon energy. The momen-
tum dependence of the magnetic signal showed an ex-
tended rod in the out-of-plane direction, with a broad
peak at the position expected for ABAB type layer stack-
ing as shown in Fig. 1b (inset). This stacking order has
previously been reported in neutron diffraction measure-
ments with an ordering temperature of 14 K, as opposed
to the 7 K ordering temperature observed for the three-
layer stacking [5]. We measured an ordering temperature
of 12 K for this sample, as shown in Fig. 1b. We note
that diffraction measurements at this x-ray energy will be
highly surface-sensitive, since the beam penetrates the
sample to a depth of only a few hundred nm, and the
observed 2-layer stacking may not reflect the bulk crys-
tal structure. As the magnetic interactions are strongly
two-dimensional, we do not anticipate that stacking has
a large effect on the moment direction. Scans along the
L direction in reciprocal space were also collected at sev-
eral different azimuthal positions, to ensure that the az-
imuthal dependence does not depend on the L position
selected. The position L=1.43 was selected to maximize
intensity while maintaining an accessible position for the
diffractometer.
The azimuthal dependent measurement was collected
at an incident photon energy of 2837.5 eV (corresponding
to the Ru L3 edge), where the intensity is at a maximum.
The dependence of the peak intensity on the incident
photon energy was measured both to find the optimal
energy for measurement, and to confirm the resonant na-
ture of the magnetic peak. This energy dependence is
plotted in Fig. 1c. Following the measurements at the
L3 edge, the magnetic peak intensity at the same recipro-
cal space position was also measured at the ruthenium L2
edge (incident photon energy 2970 eV). The integrated
intensity was substantially weaker at the L2 edge (com-
parison is shown in Fig. 1d), and we calculate a ratio
of approximately 20 for the intensities at the two photon
energies.
The detailed azimuthal dependence of the magnetic
scattering measured at the (0,-1,1.43) reciprocal lattice
position is shown in Fig. 2b, which exhibits substantial
variation in intensity as the sample is rotated about ~q.
The zero position of the azimuthal angle Ψ corresponds
to the orientation with the in-plane direction (-2,0,0.65)
pointing along the outgoing beam. The maxima in inten-
sity correspond to the positions when the moment lies in
the scattering plane, while the minima are at positions
where the magnetic moment lies approximately orthogo-
nal to the scattering plane. The difference in intensity of
the two maxima is directly related to the degree of out-
of-plane canting, with the largest peak directly indicating
which way the moment is canted out of the honeycomb
3FIG. 2. Azimuthal dependence. a. Schematic diagram showing the geometry of the REXS experiment. b. Azimuthal
dependence of the magnetic diffraction signal at (0,-1,1.43). The azimuthal dependence is fit best with a magnetic moment
angle of θ = +32◦. The modeled intensities for Θ = +25◦, +45◦ and −35◦ are shown for comparison. Ψ = 0 corresponds
to the position with the in-plane direction (-2,0,0.65) pointing along the scattered beam. The magnetic peak was measured
by scanning the sample angle. Integrated intensities were found by fitting the scans with a Gaussian peak shape. Error bars
shown are the square root of the covariance value from the fit.
plane. This can be seen in the modeled intensity for the
two proposed moment directions (Fig. 2b), which show
opposite behaviour in this respect. The measured az-
imuthal dependence collected for α-RuCl3 is clearly fit
best by the model with the moment direction pointing
towards the RuCl6 octahedral face, indicating that the
moment direction is along the face-centered direction ex-
pected in the case of a ferromagnetic Kitaev term.
We also allow the angle within the ac plane (Θ) to vary
as shown in dashed lines in Fig. 2b. The best fit is ob-
tained when the moment is confined to the ac plane, with
Θ = 32◦ ± 3◦. This result is consistent with one of the
two models proposed by the neutron diffraction result,
and also provides insight into the form of the magnetic
Hamiltonian. In the case of a ferromagnetic K term,
Chaloupka and Khaliullin showed that a substantial an-
tiferromagnetic Γ interaction term is required to keep the
moment in the ac plane. Specifically they showed that
with increasing Γ, the moment rotates away from the lo-
cal octahedral xy plane (Θ ∼ 50◦) and slowly approaches
Θ = 32◦ from the positive side. According to Ref. [22],
in order to have Θ ∼ 32◦ the magnitude of Γ must be
a significant fraction of, or even exceed the magnitude
of K. We note that Θ ∼ 45◦ was obtained for another
Kitaev material Na2IrO3 [25], which would suggest that
the Γ term is much smaller in Na2IrO3.
Our REXS results provide a clue for solving one of the
remaining questions regarding the magnetic properties of
α-RuCl3: its large magnetic anisotropy. As reported by
many groups [2, 4, 26, 27], the in-plane magnetic suscep-
tibility measured by applying magnetic field along the di-
rection in the ab plane is significantly larger than the out-
of-plane susceptibility. A conventional way to explain
this would be resorting to the g-factor anisotropy. How-
ever, experimental data suggest that g-factor anisotropy
cannot be very large, certainly not large enough to ac-
count for the anisotropic susceptibility [28, 29]. Another
route to obtain a large magnetic anisotropy is via a large
Γ term as suggested in Ref. [30]. Physically, the effect of
the Γ interaction is to force the moments towards the ab
plane, which accentuates magnetic anisotropy.
We demonstrate that a large Γ is sufficient to explain
the observed magnetic anisotropy by comparing the ex-
perimental data with theoretical calculation results. The
low-field magnetization data for fields applied in-plane
and out-of-plane are plotted in Fig. 3, which shows that
the susceptibility (slope) anisotropy is about χab/χc ∼ 8.
This data is fit with the classical JKΓ model (Eq. (1)),
where the model parameters are chosen to be consis-
tent with the magnetic moment direction determined by
REXS. Either a small Γ′ or J3 term was added to en-
sure the zigzag ground state of the model (details about
the calculation are provided in the Supplementary Infor-
mation). The data can be fitted for several parameter
choices with ferromagnetic K and antiferromagnetic Γ of
similar magnitude, demonstrating that the magnetiza-
tion data can be explained without resorting to g-factor
anisotropy. We note that in [30] it was shown that a ratio
of |Γ/K| ∼ 1 can also explain the star-shaped continuum
intensity centered around the Brillouin zone center ob-
served in inelastic neutron scattering [6].
The measurements outlined in this paper have deter-
4FIG. 3. Fitting the experimental data through simulated
annealing calculations on the classical spin model. The
experimental measurements were carried out using a com-
mercial SQUID magnetometer at 2 K. The two represen-
tative parametrizations theory-I and theory-II correspond
to (J,K,Γ,Γ′) = (−2.7,−10, 10.6,−0.9) and (J,K,Γ, J3) =
(−1.5,−10, 8.8, 0.4), which yield the angles Θ = 33.3◦ and
Θ = 34.3◦ between the moments and the honeycomb plane
at zero field, respectively. Energy is in units of meV. The
magnetization curves of these two parameterizations are very
similar such that they overlap each other. We fix g = 2.3 and
S = 1/2 throughout the calculations.
mined that the ordered moment direction in α-RuCl3
points toward the octahedral face, rather than towards
one of the cubic axes of the RuCl6 octahedra. This result
establishes that the Kitaev interaction is ferromagnetic
in this material. In addition, we show that a substan-
tial antiferromagnetic Γ interaction is essential for un-
derstanding magnetism of α-RuCl3. In particular, the
presence of large Γ interaction could reconcile the large
magnetic anisotropy observed experimentally with the al-
most isotropic g-factors expected in this material. The
findings of our REXS measurement provide new exper-
imental constraints on the magnetic Hamiltonian of α-
RuCl3, indicating that it lies within the ferromagnetic
K, antiferromagnetic Γ regime [22]. This result is in
agreement with the findings of a number of ab-initio cal-
culations, and can inform future investigations into the
unusual magnetic behavior of α-RuCl3.
METHODS
REXS measurements were carried out at the beam-
line P09 at PETRA III at DESY (see [31] for details)
at the ruthenium L3 and L2 edges (2838 and 2967 keV
respectively). Most of the measurements, including mo-
mentum, temperature, and azimuthal dependence were
collected at the L3 edge. The magnetic intensity was
also measured at the L2 edge to determine the branching
ratio. The monochromator was detuned to minimize the
presence of higher harmonics in the beam, and the mea-
surements were made with a sodium iodide scintillation
detector. An all-in-vacuum path was used to minimize
x-ray absorption by air. α-RuCl3 single crystals were
grown by vacuum sublimation in sealed quartz tubes us-
ing commercial RuCl3 powder. The single crystal used
for this measurement was a flat plate with largest dimen-
sion ∼400 µm.
The orientation of the crystal used for this measure-
ment was checked at room temperature with the crystal
in the known monoclinic structural phase, by checking
structural Bragg peaks using higher energy (third har-
monic) photons. The crystal was also checked to ensure
that it did not possess a twin rotated by 180◦, which
would affect the result of the azimuthal measurement.
This was done by searching for structural peaks at the
positions expected for the rotated structure. No intensity
was found at the peak positions expected for the rotated
crystal structure. The azimuthal dependence data was
corrected for beam absorption (as described in [32]), and
the beam footprint on the sample. Beam footprint on the
sample was calculated from the angle between the sample
surface and the incoming beam, and depended only on
the ratio of the beam height and the smallest dimension
of the sample. This ratio of beam height to sample size,
and the magnetic moment angle Θ were the only param-
eters refined in the fit of the azimuthal dependence data.
More detailed information about the fitting procedure
can be found in the Supplementary Information.
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